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ABSTRACT
Context. Stellar activity causes difficulties in the characterization of transiting exoplanets. In particular, the magnetic spots present on
most exoplanet host stars can lead to false detections with radial velocity, photometry, or astrometry techniques. Studies have been
performed to quantify their impact on infrared interferometry, but no such studies have been performed in the visible domain. This
wavelength domain, however, allows reaching better angular resolution than in the infrared and is also the wavelength most often used
for spectroscopic and photometric measurements.
Aims. We use a standard case to completely analyse the impact of an exoplanet and a spot on interferometric observables and relate it
to current instrument capabilities, taking into account realistic achievable precisions.
Methods. We built a numerical code called COMETS using analytical formulae to perform a simple comparison of exoplanet and spot
signals. We explored instrumental specificities needed to detect them, such as the required baseline length, the accuracy, and signal-
to-noise ratio. We also discuss the impact of exoplanet and spot parameters on squared visibility and phase: exoplanet diameter and
size, exoplanet position, spot temperature, star diameter.
Results. According to our study, the main improvement to achieve is the instrument sensitivity. The accuracy on squared visibilities
has to be improved by a factor 10 to detect an exoplanet of 0.10 mas, leading to < 0.5% precision, along with phase measurements
of ∼ 5◦ accuracy beyond the first null of visibility. For an exoplanet of 0.05 mas, accuracies of ∼ 0.1% and ∼ 1◦ from the first null
are required on squared visibilities and phases. Magnetic spots can mimic these signals, leading to false exoplanet characterization.
Phase measurements from the third lobe are needed to distinguish between the spot and the exoplanet if they have the same radius.
Conclusions. By increasing interferometer sensitivity, more objects will become common between interferometric and photometric
targets. Furthermore, new missions such as PLATO, CHEOPS, or TESS will provide bright exoplanet host stars. Measurements will
thus overlap and provide a better characterization of stellar activity and exoplanet.
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1. Introduction
The discovery of the first exoplanet around a solar-type star by
Mayor & Queloz (1995) has opened up a new field of research
in both planetary and stellar sciences. The numerous exoplanets
found up to now show a wide variety in size, composition, and
distance from their host star that naturally raises the question of
habitability along with the necessity of characterizing these new
worlds. We have thus moved from the era of exoplanet discovery
to the era of exoplanet characterization, which is closely related
to the characterization of host stars.
When we observe an exoplanetary system, the measurements
include both the exoplanetary signal and the stellar signal, which
depends on several parameters such as activity, rotation period,
and inclination. We thus need to interpret these measurements
and relate each signal to its physical origin to correctly detect or
characterize the exoplanet signal.
Interferometry is of great interest in the direct characteri-
zation of exoplanets at many levels. It is a useful tool for ex-
cluding false-positive scenarii, which is a recurring problem
because unresolved companions mimic a planetary transit for
Kepler candidates, as shown by Huber et al. (2012), for ex-
ample. These authors performed interferometric observations
with PAVO (Ireland et al. 2008) on CHARA to confirm the hy-
pothesis of a planetary companion around Kepler−21. This ex-
oplanet, discovered by Howell et al. (2012), is an Earth-like
planet, and such exoplanets generally provoke smaller varia-
tions in radial velocity (RV) measurements than stellar activ-
ity, which limits their detection. Beyond the validation of ex-
oplanetary systems, interferometry has long been known as
a possible way to detect light from exoplanets (Zhao et al.
2008; Monnier et al. 2004), but this still remains difficult. In
fact, some attempts to directly detect exoplanets with infrared
interferometry have already been made. Matter et al. (2010)
on AMBER/VLTI (Petrov & AMBER Consortium 2003) and
MIDI/VLTI (Leinert et al. 2003), and Zhao et al. (2011) on
MIRC/CHARA both tried to directly detect a planetary com-
panion using differential phase and closure phase measurements.
Still, instrumental effects limit their detection (for both, a factor
of 6 to 10 in the precision of the phase measurements has to be
reached to detect the planetary signal), but improvements in their
stability should provide better results in the future.
One of the difficulties encountered in achieving an exoplanet
characterization is to measure complex visibilities at advan-
tageous spatial frequencies. This problem has been discussed
by Chelli et al. (2009) when they presented the phase-closure
nulling method. They showed that the effect of a faint companion
is stronger around the visibility nulls of the primary. The com-
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panion’s contribution remains constant to the phases as long as
it is not resolved, including the frequencies of the primary nulls,
and is even stronger than the systematic errors. Duvert et al.
(2010) applied this method to detect the 5-mag fainter compan-
ion of HD59717, and derived the mass and size of this binary
system.
Finally, interferometry allows measuring many observables
of a transiting planetary system through closure-phase measure-
ments. In particular, it allows extracting the inclination angle
of the exoplanet (van Belle 2008; Zhao et al. 2008) and other
important parameters: the impact parameter, the transit veloc-
ity, the stellar and planetary radius, and the transit ingress time
(van Belle 2008), which makes this technique a fundamental tool
when no other data of the system are available.
In some cases, stellar spots can help determining exo-
planet properties such as their obliquity (Nutzman et al. 2011;
Sanchis-Ojeda et al. 2011). In turn, exoplanet studies sometimes
allow detecting and characterizing a host star’s spots and rotation
(Silva-Valio & Lanza 2011). However, most of the time, stellar
activity adds complexity to the analysis of the signals. Its char-
acterization is thus necessary but not yet achievable, as shown in
Baron et al. (2012) in the context of the Imaging Beauty Contest
2012.
The emergence of hypertelescopes contitutes an encourag-
ing option to resolve this problem. It promises the direct imag-
ing of transiting exoplanets and stellar surfaces (Labeyrie et al.
2012a,b) thanks to kilometric baselines and an important gain in
the limiting magnitude of the insturments. Baines et al. (2007)
demonstrated the interest of measuring the angular diameter of
the star in transiting systems. We thus decided to focus our study
on visible interferometric measurements of transiting systems,
which has great advantages both scientifically and technically.
Since a stellar photosphere is not perfectly symmetrical and we
do not necessarily know the position of the transiting exoplanet
at the time of the measurement, the information can only be ex-
tracted by simultaneously investigating many data. This implies
measuring many visibilities and phases and using a (u,v) plane
that covers many directions. The advantage of the visible domain
lies first in the increased angular resolution for a given baseline,
and second, the fact that it is the main domain used in photom-
etry or in RV for indirect searches for planets. It is already used
by several instruments that reach unprecedent angular resolu-
tion (up to 0.3 milliarsecond): VEGA/CHARA (Mourard et al.
2009; Ligi et al. 2013), PAVO/CHARA (Ireland et al. 2008) and
VISION/NPOI (Armstrong et al. 1998). With the significant im-
provement in sensitivity and accuracy that visible interferometry
has gained recently, it might be a good way to characterize spot
and exoplanet signatures on interferometric observables and to
separate the different signals.
In Sect. 2, we describe a new numerical code called COMETS
that allows modeling interferometric observables of a star host-
ing a magnetic spot and/or a transiting exoplanet. We apply this
code to analyze the impacts that exoplanet and spot parame-
ters produce on the shortest baselines length required to mea-
sure their signal in Sect. 3 and investigate their detectability in
Sect. 3.4. We discuss whether it might be possible to distinguish
between spot and exoplanet in Sect. 4. We end by discussing
the current interferometer capabilities of detecting exoplanets in
Sect. 5.
2. Models of the objects
COMETS (code for modeling exoplanets and spots) is a numerical
code using analytical formulae developed to model the interfer-
ometric observables (visibilities, closure phases, or phases) pro-
vided by a star with a (dark) magnetic spot and/or a transiting
exoplanet. The computation is made on a grid of a (u, v) plane
with u and v ranging from −1km/λ to 1km/λ with a step du = dv
smaller than 4m/λ (refined if necessary). We use a wavelength λ
of 720 nm, as used by VEGA instrument.
2.1. Representation of a transiting exoplanet
The star is represented by a linear limb-darkened (LD) disk
of angular diameter θ⋆ obtained with the Claret coefficient b
(Claret & Bloemen 2011) and maximum radius σmax = θ⋆/2.
Its surface brightness distribution depends on its effective tem-
perature Teff,⋆ and on the considered point at the stellar surface
σ.
We consider the star centered on the origin of the coordi-
nate system in the sky σ0 = (α0, δ0). The stellar intensity I⋆
at any location point depends on an impact factor µ defined as
µ =
√
1 −
(
σ
σmax
)2
. It represents the cosine of the angle formed
by the line of sight and the normal to the surface at the con-
sidered point. Thus, the stellar profile intensity can be written
I⋆(µ) = I⋆(1) − b(1 − µ) in a linear representation, where I⋆(1)
is the stellar intensity at the center of the star.
The contrast between a transiting exoplanet and its host star
is very high in the optical domain (typically, the contrast is 1010
in the visible and 106.5 in the infrared for Earth-like planets, see,
e.g., Traub & Jucks 2002). The transiting exoplanet located at
any position σp = (αp, δp) on the stellar disk is thus assumed
to be a dark disk of intensity Ip = 0 and angular diameter θp.
Since the star is a LD disk, the star’s intensity at the planet loca-
tion I⋆(µp) precisely depends on the planet’s location. Thus, the
intensity profile of the system star + planet can be written:
I⋆(µ)Π(0,0,θ) −
(
I⋆(µp) − Ip
)
Π(αp ,δp,θp) , (1)
where Π is the Gate function.
The complex visibility function represents the Fourier trans-
form of the surface brightness distribution of the source. We cal-
culate it in Appendix A.1. Since interferometers mainly mea-
sure the squared modulus of object visibilities, we considered
the squared modulus of the complex visibility in our study and
its argument, called the phase φ, described as φ = tan−1
(
ℑ(V)
ℜ(V)
)
,
where ℜ and ℑ define the real and imaginary part of the com-
plex number V . For a symmetric uniform disk representation,
the amplitude of V follows the Bessel function and decreases
in the first lobe before reaching zero at θB/λ = 1.22 (called first
null), where the phase jumps from 0 to ±π. From the 2D complex
visibility maps generated by COMETS, it is possible to estimate
closure phases through calculating the closure equation on any
arbitrary triplet of (u, v) coordinates. This method has recently
been used by Chiavassa et al. (2014). However, in the present
study we decided to limit the analysis to the phase plane without
calculating the closure phase. This simplifies the calculation and
is a good compromise with respect to the expected effects on the
phase.
2.2. Representation of a spot
The spot is usually decomposed into two distinct parts, the um-
bra and the penumbra, of intensities Ium and Ipen.
A spot located at the position σs = (αs, δs) on the stellar disk
is represented by two superimposed disks both centered on σs,
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with θpen > θum, θum and θpen being the angular diameters of the
umbra and the penumbra.
Thus, the intensity profile of the umbra is written
(I⋆(µs) − Ium)Π(αs ,δs,θum), µs representing the impact parameter at
the spot location. The intensity profile of the penumbra is writ-
ten as the subtraction of two disks of intensity Ipen and angular
diameters θpen and θum: (I⋆(µs) − Ipen)
(
Π(αs ,δs,θpen) − Π(αs ,δs,θum)
)
.
The final intensity profile of the system star + spot is thus:
I⋆(µ)Π(0,0,θ⋆)
−
(
I⋆(µs) − Ipen
) (
Π(αs ,δs,θpen) − Π(αs ,δs,θum)
)
− (I⋆(µs) − Ium)Π(αs ,δs,θum) .
(2)
The corresponding complex visibility calculation is pre-
sented in Appendix A.2. Interferometers cannot see details such
as the penumbra, and we therefore ignore it for the rest of this
study. Its intensity is set to Ipen = I⋆ and its diameter to θpen = 0.
To calculate the spot intensity Is = Ium, we consider it as a
black body. We thus calculate the spectral radiance of a spot with
Planck’s law, which depends on the spot temperature at the cho-
sen wavelength. We normalize it with the stellar radiance (also
considered as a black body) to derive the spot intensity such as
0 < Is < 1 as needed in the complex visibility equation.
2.3. Model of a transiting exoplanet and a spot
The last case to be studied is a star with a transiting exoplanet
and a spot. We make the hypothesis that the exoplanet and the
spot projected surfaces on the stellar surface do not overlap, that
is N′ , N with N = cos(2π(uαp + vδp)) + i sin(2π(uαp + vδp))
and N′ = cos(2π(uαs + vδs))+ i sin(2π(uαs + vδs)), and that both
are located inside the stellar disk.
From merging the two previous models, the intensity profile
of the system star + exoplanet + spot is:
I⋆(µ)Π(0,0,θ) −
(
I⋆(µp) − Ip
)
Π(αp ,δp,θp)
−
(
I⋆(µs) − Ipen
) (
Π(αs ,δs,θpen) − Π(αs ,δs,θum)
)
+ (I⋆(µs) − Ium)Π(αs ,δs,θum) .
(3)
The corresponding complex visibility calculation is pre-
sented in Appendix A.3.
3. Detecting a transiting planet or a spot
3.1. Impacting parameters
We first performed simulations to estimate the minimum base-
line length (MBL) needed to obtain a given signal on the inter-
ferometric observables. We have explored the parameter space
that can affect the MBL, either for phases or squared visibili-
ties: exoplanet diameter, stellar diameter, spot temperature, and
exoplanet location. However, all parameters but one have to be
fixed to study its specific impact on the MBL. Thus, the nominal
values of the parameters, when their impact on the MBL is not
tested, are given in Table 1. The stellar diameter (θ⋆ = 1 mas)
was chosen to be easily resolved in the visible wavelength with
baselines of ∼ 300m and roughly corresponds to F, G, K stars
around which exoplanets have been found until now (see, e.g.,
Ligi et al. 2012). The exoplanet and spot location on the stellar
disk are the same: (αp,s = 0.2, δp,s = 0). The exoplanet diame-
ter corresponds to the upper limit of existing exoplanet angular
diameters (see Sect. 5).
Fig. 1: Squared visibilities. The MBL is calculated for variations
of 2%, 1%, and 0.5% (crosses, asterisks, and diamonds, respec-
tively) as a function of three parameters. Top: stellar diameter
with θp/θ⋆ = 0.15 and (αp = 0.2θ⋆, δp = 0) mas. Middle: exo-
planet diameter with θ⋆ = 1 mas and (αp = 0.2, δp = 0.0) mas.
Bottom: spot temperature for θs = 0.15 mas and (αs = 0.2, δs =
0.0) mas. The curves in the upper panel correspond to the ana-
lytical formula (see text). The curves in the middle panel corre-
spond to the fit of Eq. 7.
We have chosen realistic variation domains for each param-
eter. They are given in Table 2. The upper limit of the exo-
planet diameter lies beyond the generally known exoplanet an-
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Parameter Fixed value
θ⋆ 1 mas
T⋆ 5500 K
θp 0.15 mas
θs 0.15 mas
Ts 4300K
Table 1: Values of the parameters when their impact on the MBL
is not tested.
Parameter Variation domain
θp 0.04 − 0.24 mas
αp 0 − 0.30 mas
θ⋆ 0.30 − 3.35 mas
Ts 4000 − 5170 K
Table 2: Variation domain of the parameters when their impact
on the MBL is tested.
gular diameters, and would correspond more to a brown dwarf,
but a signal corresponding to such a large object in interferomet-
ric observables would allow distinguishing between a planetary
and a stellar companion. When testing the impact of the stel-
lar diameter, the ratio θp/θ⋆ is steady and equal to 0.15, which
would be the situation if the same system were seen at differ-
ent distances, otherwise two parameters would vary at the same
time (the stellar diameter and that of the exoplanet). The ex-
oplanet location is proportional to the stellar diameter, that is
(αp = 0.2 × θ⋆, δp = 0.0). The spot’s temperature variation is set
according to Strassmeier (2009) and Berdyugina (2005).
3.2. Absolute or relative variation of signal
We first considered the absolute variations induced by exoplan-
ets and magnetic spots on interferometric observables, |V2p+⋆ −
V2⋆| > S , where V⋆ is the visibility modulus of the star alone.
This means that the accuracy required to detect exoplanets or
spots is probably higher than the variation induced. We calcu-
lated the MBL for S = 0.5%, 1.0%, and 2.0%. Searching a
smaller variation would be unrealistic as interferometers hardly
reach this accuracy. We preliminarily calculated the MBL to
identify the reachable upper limit of the signal and found no
solution for better precisions than 2.0%. The variation of the
MBL according to the different parameters is presented in Fig. 1.
For the phases, we selected variations of 2◦ and 20◦, which are
shown in Fig. 2, and from which it could be possible to derive
closure-phase values.
But this first approach is really conservative as it implic-
itly considers that the visibility measurements are not limited
by photon noise, but by a fixed noise. If we consider that the
signal-to-noise ratio (S/N) of a measurement is just photon-noise
limited, then the uncertainty σV2 can be written as
σV2 =
V2
S/N
. (4)
Thus in a second step we computed the MBL for two values of
the S/N: 20 for good observing conditions and 5 for limit condi-
tions. This means that we calculate the MBL as
|V2p − V2⋆|
V2⋆
>
1
S/N
. (5)
The variation of the MBL considering the different S/N are pre-
sented in Fig. 3.
3.3. Results
Table 3 is a summary of the main results. It describes the most
interesting values of the MBL obtained for the different param-
eters. Thus, it gives the MBL obtained for the smallest tested
exoplanet diameter, stellar diameter, highest tested spot temper-
ature, and the MBL corresponding to the exoplanet position. For
this last parameter, an average of the MBL is given since it is
almost constant.
The analytic expression of the complex visibility is a func-
tion of z = πθ⋆B/λ only, so we expect the MBL to be propor-
tional to θ−1⋆ (and to λ). This is indeed the case, as shown in the
upper panel of Fig.1, where the data points are given by COMETS
and the lines are 76/θ⋆ (solid line) and 47/θ⋆ (dashed line). The
same behavior is observed in the top right panel of Fig. 2, where
we see that baselines longer than 350 m are necessary to detect
the planet in phases. The MBL are slightly higher for a spot than
for an exoplanet (for example, for a 4300 K spot, we find that
MBL of 401 m and 604 m are necessary to obtain signals of 2◦
and 20◦ for θ⋆ = 0.3 mas).
Spots of temperature T = 5170 K (the highest tested value)
can also be detected in phases and considering the two chosen
S/Ns. However, there is no detectable absolute signal of 2% due
to the spot, and there are solutions only for Ts < 4030 K, which
defines the upper limit to obtain an absolute signal of 1% in this
study.
The exoplanet diameter has a strong impact on the MBL.
Even under poor conditions (S/N = 5), a small exoplanet (θp =
0.04 mas) can be detected with hectometric baselines. However,
there is no detectable absolute variation of the squared visibility
for small exoplanets (θp < 0.09 mas for a signal of 0.5%).
According to this model, baselines that already exist should
be long enough to detect exoplanetary or spot signals in visi-
bilities if the exoplanet is large enough or the spot dark enough
(with a low temperature). To detect small exoplanets or hotter
spots, phase measurements are more appropriate as their signals
reach low but still detectable values (like 2◦). For the same di-
ameter, the MBL needed to detect a spot is larger than for an
exoplanet because of its contrast with the star, which is stronger
for the exoplanet. An exoplanet produces a higher signal on in-
terferometric observables that is thus easier to detect. For large
enough stars (θ⋆ > 0.3 mas), CHARA baselines are long enough
even now to detect a certain variation of the interferometric ob-
servables caused by exoplanets or spots. The problem lies in in-
strument accuracy (see next section).
Finally, from these results, one can easily derive a general
empirical formula to compute the MBL. The difference between
the reference and perturbed squared visibilities reads:
∣∣∣∣∣∣∣
(
˜I⋆ + ˜Ip
˜I⋆(0) + ˜Ip(0)
)2
−
(
˜I⋆
˜I⋆(0)
)2∣∣∣∣∣∣∣ .
The perturbing body can be detected if, and only if, this differ-
ence is larger than S . Expanding to first order, this is equivalent
to
θp
θ⋆
<
√
S
2
. (6)
This means that the exoplanet angular diameter has to be larger
than θmin =
√
S
2 ×θ⋆ to be detected. Therefore, we can look for a
general formula of the form MBL = Γ(θ⋆, S , λ)
(
θp
θ⋆
−
√
S
2
)∆(S )
.
As we have seen in Sec. 3.3, Γ must be proportional to λ/θ⋆. We
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Fig. 2: Phases. Variations of the MBL according to different parameters, with the same fixed parameters as in Fig. 1. Top: the
impacting parameters are the exoplanet diameter (left) and the stellar diameter (right). Bottom: the impacting parameters are the
spot temperature (left) and the exoplanet location on the stellar disk (right), for which θp = 0.15 mas. MBL are calculated for 20◦
(triangles) and 2◦ (diamonds) variations.
Visibility Phases
0.5% 1% 2% S/N = 5 S/N = 20 2◦ 20◦
θ⋆ 0.3 mas 0.3 mas / 0.3 mas 0.3 mas 0.3 mas 0.3 mas
160 m 250 m 515 m 364 m 340 m 600 m
θp 0.09 mas 0.14 mas 0.20 mas 0.04 mas 0.04 mas 0.04 mas 0.04 mas
110 m 110 m 90 m 190 m 180 m 180 m 190 m
Ts 4870 K 4030 K / 5170 K 5170 K 5170 K 5170 K
100 m 108 m 175 m 158 m 184 m 192 m
αp C C C C C 0.3 mas 0.3 mas
46m 73 m 250 m 155 m 110 m 90 m 180 m
Table 3: Summary of the results obtained for the MBL tests. For each tested parameter we list the lowest or highest value of our test
for which a MBL is found and the value of the corresponding MBL (see text). C stands for constant.
find the dependence of Γ and ∆ on S by applying a least-squares
method to find that the best fit is
MBL = (17 × S 0.1) ×
 θpθ⋆ −
√
S
2

−1.7×S 0.2
×
(
θ⋆
1mas
)−1
×
λ
720.10−9
m .
(7)
This law is plotted in Fig. 1 (solid, dashed, and dotted lines, mid-
dle panel). It gives a good fit of the MBL.
As an example, we have taken the host star HD189733,
whose angular diameter is θ⋆ = 0.38 (Baines et al. 2008) and
whose transiting exoplanet angular diameter is θp = 0.056 mas,
derived from the combination of its linear radius (Torres et al.
2008) and the stellar distance (van Leeuwen 2007). At λ =
720 nm, we find with the formula MBL = 218 m for a signal
of 1%, and MBL = 454 m for a signal of 2%. As expected, since
the angular resolution is ∝ B/λ, with B the baseline, these values
are much lower than in the infrared domain. For the same star,
5
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Fig. 3: Variations of the MBL considering the relative errors on squared visibilities according to the exoplanet diameter (top) and
the spot temperature (bottom). We consider an S/N of 5 (crosses) and 20 (asterisks) and the same fixed parameters as in Fig. 1.
signals of 1% and 2% in the K band (2.13µm) would be reached
with MBL = 645 m and MBL = 1344 m. Since we only con-
sidered transiting exoplanets, the difference of contrast (visible
versus infrared) between an exoplanet and its host star does not
change the results.
3.4. Discussion
Knowing at which spatial frequency (and thus in which visibility
lobe) an exoplanet or spot signal is detectable will bring infor-
mation on the sensitivity limit that interferometers have to pro-
vide to make such measurements, including phase and closure-
phase measurements. For three different spatial frequencies cor-
responding to the middle of the first lobe of visibility (1.1 × 108
1/rad), close to the first null (2.1 × 108 1/rad), and in the mid-
dle of the second lobe (3.4 × 108 1/rad), the largest, smallest
and median differences between the squared visibility of a tran-
sited star and a single star are computed, along with the largest
and median differences in phase (the smallest difference is zero
and is not represented). They are tested according to the ex-
oplanet diameter because this parameter induces strong varia-
tions of the MBL, as shown in Sect. 3. They include the com-
plete (u, v) plane. Figure 4 shows for each of these three cases
the level corresponding to 2%, 1%, and 0.5% absolute differ-
ences (solid lines) and relative variations for an S/N of 20 and 5
(dashed lines). It also provides the levels 2◦ (red) and 20◦ (blue)
for phases.
In the first visibility lobe, the highest difference between
two visibilities (2%) occurs for θp > 0.20 mas, which does
not correspond to an exoplanet diameter but rather a brown
dwarf. Even a good S/N cannot provide a sufficient signal to
detect an exoplanet (solution of θp > 0.22 mas for the red
dashed line). However, there is a highest absolute signal of 0.5%
and 1% on squared visibilities for exoplanet diameters such as
θp > 0.10 mas and θp > 0.15 mas which correspond to real
cases. The signal on the phase measurement only reaches 2◦ for
θp > 0.17 mas, which is almost the highest limit for a planet
representation.
The visibilities show larger differences close to the zero of
visibility and in the second lobe when considering relative er-
rors. For an S/N=20, very small exoplanets (θp > 0.08 mas for
the smallest) generate a variation of the visibility that can be de-
tected close to the zero of visibility, and exoplanets as small as
θp = 0.04 mas generate variations that can be measured in the
second lobe. In poor conditions (S/N=5), small exoplanets can
still be detected. The smallest ones are such that θp > 0.16 mas
and θp > 0.10 mas for the first zero of visibility and in the sec-
ond lobe. This shows that interferometry is a real opportunity for
detecting exoplanets.
Absolute variations of the visibility exist close to the zero
and in the second lobe, but are found for larger planets compared
to relative errors. To obtain a 1% signal, the exoplanet diameter
has to be θp > 0.17 mas. However, a highest signal of 0.5% is
detectable for only θp > 0.13.
Thus, if focusing on relative differences, which take into ac-
count the S/N and thus reproduce a real observing condition, sig-
nals of small exoplanets can be identified near the first zero of
visibility and in the second lobe. For each frequency, they never
allow detecting very small exoplanets (θp < 0.05 mas) for these
considered signals. The instrument sensitivity is thus a funda-
mental parameter to be improved.
The S/N is lower when measuring low visibilities, for in-
stance close to the first zero of visibility and in the following
lobes. This is where the higher order measurements (phase or
closure phase) show evidence of the exoplanet or spot, however,
that is a highest signal. In our study, the phase signal reaches
2◦ for a star with an exoplanet of diameter θp > 0.08 mas and
θp > 0.06 mas close to the zero and in the second lobe. This
is also where planetary companions are able to cause a phase
variation of 20◦, but this only concerns large planets (θp > 0.25
and θp > 0.17 mas). Thus, taking the S/N into account tells us
whether the signal of the exoplanet or star can also be measured
by these higher order observables.
Table 4 displays the accuracy reached by several instruments
on CHARA, NPOI, and the VLTI, which can be found in the lit-
erature or were extracted from Chiavassa et al. (2014). It is dif-
ficult to link instrumental precisions, which for most of them
depend on particular cases, with a general conclusion on the
feasability of exoplanet characterization. However, comparing
Table 4 with the information provided by Fig. 4, we note that
– for most of instruments, the accuracy on the squared visibil-
ity is not sufficient to detect small exoplanets (θp < 0.10 mas
6
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Fig. 4: Squared visibility and phase differences between a 1 mas star with a transiting exoplanet at (0.2, 0.0) mas and a single star at
different spatial frequencies (1.1 × 108 (1/rad), top; 2.1 × 108 (1/rad), middle; 3.4 × 108 (1/rad), bottom). Squared visibilities: Solid
lines: Absolute errors (1%, red; 2%, blue; 0.5%, green). Dashed lines: Errors corresponding to different S/N: 5 (blue) and 20 (red).
Phases (in degree): 2◦ (red) and 20◦ (blue).
under good observing conditions). JouFLU could be a good
candidate, but the expected 0.1% accuracy is not enough in
its wavelength range (K’ band). Instrument accuracy needs
to improve by a factor 10 to be able to characterize exoplan-
ets.
– the accuracy on CP is generally reached with measurements
on the first lobe of visibility and cannot be measured beyond
(because of the wavelength or instrument sensitivity). If this
accuracy is reached for measurements beyond the first null,
then an exoplanet characterization could be achieved.
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Instrument V2 accuracy CP accuracy Ref.
VEGA/CHARA 1 − 2% - 1
FLUOR/CHARA 0.3% - 2
JouFLU/CHARA 0.1%∗ - 3
1% - 4
VISION/NPOI 5 − 20%∗∗ 1 − 10◦ 5
CLIMB/CHARA 5% 0.1◦ 6
CLASSIC/CHARA 5% - 7
PAVO/CHARA ∼ 5% 5◦ 8
MIRC/CHARA ∼ 2% < 1◦ 9
- 0.1 − 0.2 10, 11, 12
AMBER/VLTI - 0.20 − 0.37 13
PIONIER/VLTI - 0.25 − 3◦ 14
3 − 15% 0.5◦ 15
GRAVITY/VLTI - 1 16
MATISSE/VLTI 1.6 − 2.3% < 1.16 17
Table 4: Summary of the accuracy reached on squared visibili-
ties V2 and closure phases (CP) by different instruments.
∗Expected in visibility modulus ∗∗In visibility amplitude.
Ref.: 1Mourard et al. (2009) 2Coude´ du Foresto et al. (2003)
3Scott et al. (2013) 4Lhome´ et al. (2012) 5Garcia et al. (2014),
evolving to accuracies of < 10% and < 5◦ in V2 and CP
(E. Garcia, private communication) 6ten Brummelaar et al.
(2012) 7McAlister et al. (2012) 8Maestro et al. (2012)
9Che et al. (2012) 10Zhao et al. (2011) 11Zhao et al. (2010)
12Zhao et al. (2008) 13Absil et al. (2010) 14Absil et al. (2011)
15Le Bouquin et al. (2011) 16(Chiavassa et al. 2014, Final
Design Review 2011, private communication) 17Lopez (2012).
4. Detecting a transiting planet in presence of
stellar activity noise
The impact of an exoplanet and a spot on interferometric observ-
ables has been discussed separately, and the impacting parame-
ters are now known. We now wish to explore the effect of a spot
on the characterization of a transiting exoplanet.
Figure 6 (upper panels) shows the difference between the vis-
ibility of a single star and a star with an exoplanet and/or a spot,
that is the absolute signal induced by these components.
The left panel represents the signal induced by an exoplanet
alone, whose diameter and position are θp = 0.10 mas and
(0.2, 0.0) (in mas). In the two other panels, we add a spot of
diameter θs = 0.10 mas at the position (0.2, 0.2). In the middle
panel, θp = 0.10 mas and in the right panel, θp = 0.05 mas.
This is represented in Fig. 5. If the accuracy of interferometers
reaches the signal induced by both spot and exoplanet, their pres-
ence may affect the determination of stellar angular diameter be-
cause they are generally measured in this visibility lobe. But this
would also mean that a simple limb-darkened representation of
the star would not be accurate anymore (see, e.g., Lacour et al.
2008). At higher spatial frequencies, the interferometric signal
becomes more sensitive to small structures (spots, granulation
patterns) and three-dimensional models from radiative hydrody-
namical atmospheric simulations become essential to fit the in-
terferometric data (see e.g. Bigot et al. 2006; Lacour et al. 2008;
Chiavassa et al. 2012, 2014). Using these models is another so-
lution to take into account the stellar activity (in terms of stellar
granulation) that also affects interferometric observables.
Figure 6 (bottom panels) shows the corresponding phases.
Again, the star with a spot and/or an exoplanet has a different
signal from that of a single star, which varies according to the
observing direction and sizes of the additional objects (the phase
of a single star is 0 ± 180◦). When the spot and the exoplanet
have the same size, the exoplanet signal is mixed up with the
0.5 mas
0.5 mas0
δ
α
Fig. 5: Representation of the configuration of the system stud-
ied in Sec.4 for the case θp = 0.10 mas at (0.2, 0.0) mas and
θs = 0.10 mas at (0.2, 0.2) mas. The black disk represents the
exoplanet and the grey disk represents the spot.
spot signal until the second lobe. When the exoplanet is smaller
than the spot, the signal in the phase is totally disturbed by the
spot, and their signal is already detectable from the second lobe.
The exoplanet signal is thus hard to extract.
For both cases, not taking into account the spot leads to an
incorrect interpretation of the signal, for example a larger transit-
ing planet, and highlights the necessity of observing the star out
of transit to characterize the stellar activity, which could be sub-
stracted from the signal recorded during the transit time to allow
characterizing the exoplanet. Other effects should not be forgot-
ten, such as the granulation, as shown by Chiavassa et al. (2014),
who uses a realistic three-dimensional radiative hydrodynamical
simulations obtained with the stagger-grid (Magic et al. 2013).
It perturbs closure-phase measurements in particular from the
third lobe of visibility. However, this would be possible to char-
acterize a hot-Jupiter; characterizing an Earth-like planet could
require a much higher sensitivity.
5. Discussion: exoplanet detection applied to
CHARA and the VLTI
To evaluate the actual number of potential interferometric tar-
gets, and relying on the results of previous sections, we have to
take into account the host star’s angular diameter and the ratio
θp/θ⋆, as well as the stellar magnitude in the considered wave-
length. Figure 7 shows all the transiting exoplanet host stars with
available angular diameters according to the ratio θp/θ⋆. Of the
∼ 400 transiting exoplanets known today1, only half of their par-
ent stars have a known distance and/or known radius, which re-
duces the number of known angular diameter of transiting exo-
planet host stars to 188.
Most of transiting exoplanet host stars have a diameter of
between 0.005 and 0.20 mas. The highest ratio θp/θ⋆ is ∼ 0.15,
with sparse exoplanets (or stars) having larger angular diame-
ters. If the signature of exoplanets as small as θp = 0.05 mas
can be detected with baselines shorter than 200 m under a high
S/N (see Figs. 3 and 4), the angular resolution already repre-
sents an important limitation in detecting of the stellar planetary
1 January 2014
8
Ligi et al.: Transiting exoplanets and magnetic spots characterized with optical interferometry
Fig. 6: Map of the signal induced by an exoplanet at (0.2, 0.0) mas and a spot at (0.2, 0.2) mas in the visibility modulus (log scale,
upper panels) and the phases (bottom panels), for a 1 mas star. Left: exoplanet alone with θp = 0.10 mas. Middle: exoplanet of
diameter θp = 0.10 mas with a spot of diameter θs = 0.10 mas. Right: Same as middle with θp = 0.05 mas.
Fig. 7: Transiting exoplanet host stars with available distance and
radius that allow deriving their angular diameter. They are plot-
ted according to the ratio θp/θ⋆. Stars with mV < 10 are plotted
in red and those with mV > 10 in black. The blue box represents
the detecting ability of VEGA.
companion. Since the visible domain provides a better angular
resolution than the infrared domain at a similar baseline, inter-
ferometers operating in the visible wavelength appear to be more
suitable. The CHARA array (McAlister et al. 2012) holds the
longest baselines in the world (up to 330 m), and hosts many in-
struments, among them VEGA (Mourard et al. 2009; Ligi et al.
2013) and PAVO (Ireland et al. 2008), which operate in the vis-
ible, and thus benefit from the best angular resolution in the
world (∼ 0.3 mas), despite a limiting magnitude in the V band
of around ∼ 8. However, this resolution remains in principle too
low as most of transiting exoplanet host stars have even smaller
angular diameters. Phase-only measurements enable preliminary
detections in some very specific cases. The NPOI is another good
candidate to characterize exoplanets because it operates in the
optical wavelength. Its baselines are currently too small to reach
a high enough angular resolution (the longest baseline length is
at present 79 m), but it should be high enough within the next
year (Baines et al. 2014).
In contrast, the VLTI does not own baselines longer than
∼ 130 m, and since it mainly hosts instruments operating in
the infrared domain, no instrument is able to reach such a res-
olution. Furthermore, Fig. 7 is affected by an instrumental bias
toward low magnitudes because of detection instruments, that is
the reason why the upper part is almost empty. Indeed, large sur-
veys searching for exoplanets candidates were generally focused
on faint stars (Kepler, CoRoT), which are too faint to be ob-
served by actual interferometers. Future missions should allow
9
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to fill this part of the diagram. SPHERE (Beuzit et al. 2007), a
new instrument that is being developed for the VLT, is expected
to detect giant planets around bright stars by direct imaging,
but these planets will be rather far away from the stars, making
the probability of a transit quite unlikely; SPHERE targets are
also mostly young stars, with enhanced levels of activity. Future
missions such as PLATO (Rauer & Catala 2012, mV < 11),
CHEOPS (Broeg et al. 2013, mV < 9), or TESS (Ricker et al.
2010, mV < 12) will target bright stars, and complementary ob-
servations of these stars will become possible with interferome-
try and thus open new possibilities of exoplanet characterization
with interferometry.
A few instruments are also being developed on CHARA and
the VLTI. A new prototype of VEGA, called FRIEND (Be´rio
et al., in prep), is currently being studied to reach a maximum
angular resolution of 0.3 mas and be able to observe stars up
to mV < 10. They appear in red in Fig. 7. Assuming these im-
provements, we see that only one known star becomes a poten-
tial target for this study (they are included in the blue box; the
star represented by a black dot is too faint). By only increasing
the angular resolution of FRIEND by a factor of 3, resulting in
a maximum spatial resolution of 0.1 mas, one can considerably
increase the number of potential targets (by more than a factor of
10). The baseline lengths and the sensitivity have to be improved
together to reach the core of potential detectable exoplanets.
6. Conclusion
We have computed the interferometric observables of a star with
the new code COMETS and observed the variations induced by
a transiting exoplanet and/or a magnetic spot in squared visi-
bilities and phases. We showed that several parameters of these
objects affect the baseline length required to detect their signal,
such as the position, diameter, or spot temperature. Starting from
the variation of the MBL as a function of the exoplanet angular
diameter, we derived an analytical solution that allows calculat-
ing the baseline length required to detect the absolute exoplanet
signature in squared visibilities. This directly shows the interest
of using the visible wavelength over the infrared, and that vis-
ible interferometers are better adapted for exoplanet character-
ization. More importantly, current instruments use long enough
baselines to reach the spatial angular resolution that can lead to a
characterization of large exoplanets or very dark spots, but lack
accuracy on squared visibility and phase (or CP) measurements.
To detect a 0.10 mas exoplanet crossing a 1 mas star at vis-
ible wavelength, an accuracy better than ∼ 0.5% from the first
null is required in squared visibilities, at best observing condi-
tions. A precision better than ∼ 1◦ on phases is necessary in the
first lobe, or better than ∼ 6◦ in the second lobe. At present, no
instrument can reach these accuracies. To detect a 0.05 mas ex-
oplanet, the accuracy needed on squared visibilities and phases
are ∼ 0.1% and ∼ 1◦ from the first null. Magnetic spot signals
can easily mimic these exoplanet signals, and distinguishing be-
tween them is essential for an exoplanet characterization, but re-
quires measurements generally beyond the third lobe of visibil-
ity.
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Appendix A: Calculating the complex visibility
A.1. Transiting planet
We have calculated the 2D Fourier transform (TF) of the inten-
sity profile ˜I. The normalized ˜I gives the complex visibility. The
resulting TF of the stellar profile ˜I⋆(ρ) and of the exoplanet pro-
file ˜Ip(ρ) are
˜I⋆(ρ) = I⋆(1)πθ
2
⋆
4
(
1 − b3
) [
aJ1(z)/z + b(π/2)1/2J3/2(z)/z3/2
]
(a/2 + b/3)
(A.1)
˜Ip(ρ) = θ⋆2
J1
(
πθpρ
)
ρ
× cos(2π(uαp + vδp)) + i sin(2π(uαp + vδp))︸                                                 ︷︷                                                 ︸
N
,
(A.2)
with a = 1 − b, z = πθ⋆ρ and ρ = Bp/λ, Bp being the projected
baseline and λ the observing wavelength in nm. The spatial fre-
quencies are represented by u = Bx
λ
and v = By
λ
. The resulting
complex visibility of the system is
Vp(ρ) =
[
˜I⋆(ρ) −
(
I⋆(µp) − Ip
)
˜Ip(ρ)
]
/[
π
4
(
I⋆(1)θ2⋆
(
1 − b3
)
−
(
I⋆(µp) − Ip
)
θ2p
)]
.
(A.3)
A.2. Spot
The normalized 2D Fourier transform of Eq. 2 is the complex
visibility of the system star+ spot. The TF of the penumbra and
umbra profiles are ˜Ipen and ˜Ium
˜Ipen(ρ) =
θpen
2
J1(πθpenρ)
ρ
× N′
˜Ium(ρ) = θum2
J1(πθumρ)
ρ
× N′ ,
(A.4)
with N′ = cos(2π(uαs+vδs))+ i sin(2π(uαs+vδs)). The TF of the
stellar profile is written in Eq. A.1. Combining these three TFs
gives the final complex visibility:
Vs(ρ) =
[
˜I⋆(ρ) −
(
I⋆(µs) − Ipen
)
˜Ipen(ρ)
+
(
Ium − Ipen
)
˜Ium(ρ)
]
/[
π
4
(
I⋆(1)θ2⋆
(
1 − b3
)
−
(
I⋆(µs) − Ipen
)
θ2pen +
(
Ium − Ipen
)
θ2um
)]
.
(A.5)
A.3. Transiting planet and a spot
The normalized TF of Eq.3 gives the complex visibility of the
system. The TF of the exoplanet and the spot profiles are calcu-
lated in Sects. 2.1 and 2.2:
˜Ipen(ρ) =
θpen
2
J1(πθpenρ)
ρ
× N′
˜Ium(ρ) = θum2
J1(πθumρ)
ρ
× N′
˜Ip(ρ) =
θp
2
J1
(
πθpρ
)
ρ
× N .
(A.6)
The final complex visibility is thus
Vp+s(ρ) =
[
˜I⋆(ρ) −
(
I⋆(µp) − Ip
)
˜Ip(ρ)
−(I⋆(µs) − Ipen) ˜Ipen(ρ)
+(Ium − Ipen) ˜Ium(ρ)
]
/[
π
4
(
I⋆(1)θ2⋆
(
1 − b3
)
− (I⋆(µp) − Ip)θ2p
−(I⋆(µs) − Ipen)θ2pen + (Ium − Ipen)θ2um
)]
,
(A.7)
for which we use the squared modulus.
